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With more than 60 % of today\'s drugs being targeted against membrane proteins, means to investigate their interactions with ligands and drug candidates have become an essential component in contemporary drug development.[1](#open201600070-bib-0001){ref-type="ref"} However, biophysical studies using purified membrane proteins are hampered by low expression levels and poor protein stability. The latter problem originates from the necessity to solubilize the membrane proteins in detergents (or other amphiphiles)[2](#open201600070-bib-0002){ref-type="ref"} to shield their hydrophobic parts from the aqueous environment. However, owing to their low intrinsic stability, this treatment is often associated with loss of protein function. Retained stability and function may be obtained by reconstitution of the purified membrane proteins back into a lipid environment, utilizing so called proteoliposomes, that is, membrane--protein‐containing lipid vesicles.[3](#open201600070-bib-0003){ref-type="ref"} However, the generally high lipid‐to‐protein ratio in proteoliposomes make ligand‐binding studies severely compromised, primarily because the concentration of active proteins becomes significantly reduced. This challenge is particularly apparent when surface sensitive techniques, such as surface plasmon resonance (SPR) or total internal reflection fluorescence (TIRF) microscopy, are used to probe ligand--receptor interactions, in which case sensitivity‐related limitations impaired by insufficient signal‐to‐noise ratios are well documented.[4](#open201600070-bib-0004){ref-type="ref"} As schematically illustrated in Figure [1](#open201600070-fig-0001){ref-type="fig"}, we demonstrate in this work how conversion of proteoliposomes into a planar supported lipid bilayer, combined with hydrodynamic manipulation of the membrane proteins over a local capturing region, enables stationary capturing and local membrane--protein enrichment, while embedded in a lipid environment.

![A) Schematic illustration of protein affinity capture in a lipid membrane. Mobile transmembrane BACE with a C‐terminal 6×His‐tag is laterally moved, by hydrodynamic forces, in the polymer SLB along the microfluidic channel and specifically captured and accumulated at the confined Ni^2+^‐NTA‐functionalized surface. Localization of BACE is visualized by addition of a fluorescent peptide inhibitor (Rho‐PI). The inset illustrates the two Ni^2+^‐NTA‐based surface functionalization strategies employed with tris‐(high affinity) versus mono‐NTA (low affinity), respectively. B) Chemical structure of bis‐biotin‐tris‐NTA (bbtrisNTA).](OPEN-5-445-g001){#open201600070-fig-0001}

The concept presented in Figure [1](#open201600070-fig-0001){ref-type="fig"} was inspired by previous attempts to overcome challenges related to membrane--protein purification and enrichment in the aqueous phase, which was approached for the first time in the early 1990s by using electrophoretic separation and accumulation of mobile components in a laterally fluid‐supported lipid bilayer (SLB).[5](#open201600070-bib-0005){ref-type="ref"} Since then, electrophoresis,[6](#open201600070-bib-0006){ref-type="ref"}, [7](#open201600070-bib-0007){ref-type="ref"}, [8](#open201600070-bib-0008){ref-type="ref"} surface acoustic waves,[10](#open201600070-bib-0010){ref-type="ref"} hydrodynamic forces,[11](#open201600070-bib-0011){ref-type="ref"}, [12](#open201600070-bib-0012){ref-type="ref"}, [13](#open201600070-bib-0013){ref-type="ref"} and rectified diffusion[14](#open201600070-bib-0014){ref-type="ref"}, [15](#open201600070-bib-0015){ref-type="ref"}, [16](#open201600070-bib-0016){ref-type="ref"} have been employed for the separation of different membrane constituents maintained in a lipid‐bilayer environment. However, so far, separation has been restricted to rapidly diffusing lipids[5](#open201600070-bib-0005){ref-type="ref"}, [7](#open201600070-bib-0007){ref-type="ref"}, [11](#open201600070-bib-0011){ref-type="ref"}, [14](#open201600070-bib-0014){ref-type="ref"}, [15](#open201600070-bib-0015){ref-type="ref"}, [16](#open201600070-bib-0016){ref-type="ref"} and lipid‐bound[8](#open201600070-bib-0008){ref-type="ref"}, [10](#open201600070-bib-0010){ref-type="ref"}, [12](#open201600070-bib-0012){ref-type="ref"} or GPI‐linked[17](#open201600070-bib-0017){ref-type="ref"} proteins, whereas handling and spatial manipulation of transmembrane proteins have been hampered by the difficulty in making SLBs containing mobile membrane proteins. The reduced mobility has primarily been attributed to the narrow gap (1--3 nm) between the bilayer and the solid support,[18](#open201600070-bib-0018){ref-type="ref"} and separation and enrichment of specific membrane proteins embedded in a continuous SLB have, therefore, remained an unsolved challenge.

To demonstrate spatial manipulation and local enrichment of a transmembrane protein, we selected the transmembrane protease, β‐secretase 1 (BACE), which contributes to the cleavage of the amyloid precursor protein (APP) into amyloid‐β peptides, a process strongly implicated in the pathogenesis of Alzheimer\'s disease.[19](#open201600070-bib-0019){ref-type="ref"} To ensure high mobility of BACE in the SLB, that is, to make it possible for the lipid bilayer to function as the mobile phase for affinity capturing, a polymer‐supported BACE‐containing SLB was formed through the co‐adsorption of proteoliposomes containing reconstituted BACE and PEGylated POPC liposomes (0.5 wt % PEG5000‐Ceramide) at a 1:1 ratio on the glass floor of a microfluidic channel (see the Supporting Information for details). The presence of a small fraction (\<0.1 %) of NBD‐labeled liposomes enabled the in situ visualization of SLB formation during each experiment (Figure [2](#open201600070-fig-0002){ref-type="fig"} A).

![A) Fluorescence micrograph snapshots (70×70 μm^2^) of liposome adsorption, rupture, and fusion leading to SLB formation visualized by including a small fraction (\<0.1 %) of NDB‐labeled liposomes. B) Extracted diffusion coefficients and mobile fractions of BACE in the absence and presence of PEG. C) Fluorescence micrograph (190×150 μm^2^) of BACE‐containing polymer SLB after exposure to a flow of 200 μL min^−1^ for 15 min in the microfluidic chip. BACE accumulation at the front on the SLB is visualized by injection of a fluorescently labelled peptide inhibitor. D) Intensity profile across the channel, corresponding to the white dotted line.](OPEN-5-445-g002){#open201600070-fig-0002}

The presence of mobile BACE with a diffusivity of 0.17±0.02 μm^2^ s^−1^ and a mobile fraction of approximately 70 % with (and 0.19±0.02 μm^2^ s^−1^ and ca. 50 % without) PEG‐lipids in the SLB (Figure [2](#open201600070-fig-0002){ref-type="fig"} B) was confirmed by using fluorescence recovery after photobleaching (FRAP) measurements after addition of a rhodamine‐labeled peptide inhibitor (Rho‐PI), known to bind specifically to the catalytic site of BACE[20](#open201600070-bib-0020){ref-type="ref"} protruding into the bulk solution. No unspecific binding to the membrane was observed in the absence of BACE (Figure S2 C). The diffusivity of BACE was approximately ten times slower than that of a typical lipid, which is in good agreement with previous reports for proteins that span the membrane with a single transmembrane helix.[21](#open201600070-bib-0021){ref-type="ref"} The increased mobile fraction observed for BACE in the PEGylated compared with non‐PEGylated SLBs suggests that unfavorable interactions between the membrane protein and the underlying substrate were reduced by the use of PEG in the SLB.[22](#open201600070-bib-0022){ref-type="ref"}

In analogy with previous reports on hydrodynamic enrichment at the front of the lipid bilayer of DNA,[23](#open201600070-bib-0023){ref-type="ref"} lipids,[11](#open201600070-bib-0011){ref-type="ref"} and lipid‐bound proteins,[12](#open201600070-bib-0012){ref-type="ref"} the mobile fraction of BACE with the active site pointing away from the surface could be successfully accumulated at a bilayer front by applying a hydrodynamic shear force in the microfluidic channel (see Figures 2 C and [2](#open201600070-fig-0002){ref-type="fig"} D as well as the Supporting Information). By using a fluorescent peptide inhibitor that binds to the active site of BACE to indirectly label the protein, it prevents investigation of the fraction of BACE pointing towards the surface.

The intensity line profile revealed that the protein enrichment resulted in a six‐fold increase in the coverage of BACE (Figure [2](#open201600070-fig-0002){ref-type="fig"} D). However, protein enrichment at the front of a SLB is subject to diffusional broadening and rapidly relaxes as soon as the shear flow is interrupted. Moreover, accumulation at a bilayer front is not selective for a specific protein. Hence, this concept alone is not sufficient to overcome the surface coverage‐related sensitivity limitations encountered for surface‐based sensors applied to study temporally resolved ligand binding to transmembrane proteins.

To also accomplish that goal, we speculated that 1) the solid support underneath the SLB could be chemically modified to enable selective and local capture of the membrane protein of interest, with the imperative that 2) the lipid membrane could freely pass over the capturing region; the latter being fulfilled by the PEG cushion lifting the SLB over the substrate[24](#open201600070-bib-0024){ref-type="ref"} (Figure [1](#open201600070-fig-0001){ref-type="fig"} A).

Free passage of a PEGylated SLB over a chemically modified capturing area was explored and optimized by using hydrodynamic forces to laterally move the SLB from a clean SiO~2~ region to a chemically modified area located on the same substrate. This approach was used to exploit the fact that SLB formation readily occurs on clean SiO~2~, thereby avoiding SLB formation directly onto a chemically modified surface, which is known to be inefficient because of the strong adhesion strength between the vesicles and the substrate required for SLB formation to occur spontaneously.[25](#open201600070-bib-0025){ref-type="ref"}

The micrographs in Figure [3](#open201600070-fig-0003){ref-type="fig"} A illustrate a representative experiment, starting with flow‐controlled deposition of (BACE‐free but fluorescently \[1 wt %\] labeled) liposomes, which were spontaneously converted into an SLB in the left half of the cross‐channel geometry, before subsequent surface functionalization, restricted to the right half of the channel. By increasing the flow speed from the left (while interrupting the flow from the right), the hydrodynamic force acting on the PEG‐supported membrane induced a lateral movement of the SLB towards the area of the chip functionalized with fluorescently labeled streptavidin (streptA‐FITC) or PLL‐*g*‐PEG‐rhodamine.[26](#open201600070-bib-0026){ref-type="ref"}

![A) Fluorescence micrographs snapshots (190×190 um^2^) of hydrodynamic force‐induced movement of rhodamine‐labeled PEG‐SLB onto an adsorbed streptavidin--FITC layer. B) Upper panel shows intensity profiles through the center of the microfluidic channel for the PEG‐SLB prior to SLB movement (*t*=0, solid lines) and after 10 min of hydrodynamic force‐induced movement (dashed line) as it stretches over the adsorbed layer of streptavidin (black) or PLL‐*g*‐PEG (red). Intensity profiles corresponding to a POPC SLB lacking the PEG‐support are also shown (blue). Lower panel shows corresponding intensity profiles for an adsorbed PLL‐*g*‐PEG layer prior to (*t*=0) and while (*t*=10 min) the PEG‐SLB stretches over it. Grey dashed line indicates the position of the SLB and polymer/protein edge prior to exposure of buffer flow. C) Diffusion coefficients of fluorescently labeled lipids (rhodamine‐PE or NBD‐PE) in the PEG‐SLBs on bare SiO~2~ (grey bars) and on streptavidin or PLL‐*g*‐PEG (white bars).](OPEN-5-445-g003){#open201600070-fig-0003}

Intensity profiles confirmed that the adsorbed polymer was not removed by the moving SLB front (Figure [3](#open201600070-fig-0003){ref-type="fig"} B). Fluorescence resonance energy transfer (FRET) between streptA‐FITC and rhodamine‐PE lipids prevented the corresponding quantification when streptavidin constituted the functionalized area. However, the intensity profiles suggest that a significant amount (\>25 % of the original intensity) of streptA‐FITC remained bound after passage of the SLB front (Figure S7). More importantly, the presence of PEG‐lipids in the SLB was a prerequisite for lateral movement *onto* both types of surface modifications. The motion of a pure POPC SLB was completely hindered at the edge of the surface modification, while it extended over the surface‐modified regions when PEG‐lipids were included in the SLB (Figure [3](#open201600070-fig-0003){ref-type="fig"} B). By moving the SLB across a "ladder" of increasing coverage of PLL‐*g*‐PEG (Figure S4) or streptavidin, the mobility of PEGylated SLBs was not hindered, even at saturated binding of streptA‐FITC to SiO~2~ (corresponding to ca. 25 % of full protein coverage on a planar surface, see Figure S7), whereas the motion became hampered above 25 % surface coverage of PLL‐*g*‐PEG (Figure S4). Furthermore, FRAP measurements of the SLB on bare SiO~2~ and on the functionalized area (positions 1 and 2 in micrographs in Figure [3](#open201600070-fig-0003){ref-type="fig"} A) showed insignificant differences in diffusivity (Figure [3](#open201600070-fig-0003){ref-type="fig"} C), suggesting that the SLB extends as a homogeneous and continuous film on top of the surface functionalized areas.

These experiments, which established the conditions for the motion of PEGylated (protein free) SLBs over surface‐adsorbed streptavidin and PLL‐*g*‐PEG, were inspired by the fact that both surface modifications can be used to introduce a NTA‐Ni^2+^ functionality for selective capture of His‐tag engineered proteins, as previously shown for water‐soluble or solubilized proteins.[27](#open201600070-bib-0027){ref-type="ref"}, [28](#open201600070-bib-0028){ref-type="ref"} To explore if a His~6~‐tagged membrane‐residing protein could also be captured, a BACE‐containing PEGylated SLB was moved over an NTA‐Ni^2+^‐functionalized stripe located in the center of the microfluidic channel (Figure [4](#open201600070-fig-0004){ref-type="fig"} A).

![A) Schematic illustration of the affinity capture strategy. Bulk flow is started at *t* **=**0. B) Fluorescence micrograph overlay (270×170 μm^2^) of Rho‐PI bound to BACE (red) on adsorbed streptA‐FITC‐bbtrisNTA (grey). Contrast settings emphasize BACE accumulation at the functionalized stripe although the surrounding dark area contains baseline coverage of BACE (see intensity profiles). C) Intensity profile across channel (white dotted line in B) in the presence (red) and absence (blue) of bbtrisNTA‐Ni^2+^. As an additional control experiment, Rho‐PI was added prior to protein movement (grey). Also shown is the corresponding profile for streptA‐FITC (dotted line). D) Extracted fluorescence intensities above baseline of Rho‐PI bound to BACE at bbtrisNTA (grey) and PLL‐*g*‐PEG‐mono‐NTA (white) stripe. Specific signal=total signal**−**unspecific signal (measured in the absence of NTA). E) Time‐resolved binding trace of Rho‐PI to membrane‐embedded BACE at baseline density (i, blue square in micrograph) and accumulated density at stripe (ii, green square) with corresponding Langmuir model fit (black), which yield *k* ~on~=9×10^3^  [m]{.smallcaps} ^−1^ s^−1^ and *k* ~off~=0.0043 s^−1^.](OPEN-5-445-g004){#open201600070-fig-0004}

As detailed above (Figure [2](#open201600070-fig-0002){ref-type="fig"}), a proteoliposome mixture was first added to form the BACE‐containing PEGylated SLB in the left SiO~2~‐exposed part of the chip (left panel in Figure [4](#open201600070-fig-0004){ref-type="fig"} A) without initially overlapping with the NTA‐Ni^2+^ stripe. This was subsequently followed by formation of a pure PEG‐SLB, that is, without BACE, over both the NTA‐Ni^2+^ stripe and the right (SiO~2~‐exposed) part of the chip (middle panel in Figure [4](#open201600070-fig-0004){ref-type="fig"} A). Note that, even when liposome rupture over the functionalized surface area (in contrast to surrounding SiO~2~) was not complete, the hydrodynamic force‐controlled motion of the SLB (right panel in Figure [4](#open201600070-fig-0004){ref-type="fig"} A) induced additional rupture and facilitated the formation of a continuous SLB.[13](#open201600070-bib-0013){ref-type="ref"}

As the monovalent NTA modification of PLL‐*g*‐PEG is known to display relatively low affinity (*K* ~d~≈μM) towards His~6~‐tagged proteins,[29](#open201600070-bib-0029){ref-type="ref"} a heterobifunctional ligand with three NTA moieties, tris‐NTA,[30](#open201600070-bib-0030){ref-type="ref"} was synthesized (bbtrisNTA‐Ni^2+^, see the Supporting Information for details). The tris‐NTA chelating head combined with a biotinylated anchor ensures higher affinity (*K* ~d~≈low nM) towards the His~6~‐tag[30](#open201600070-bib-0030){ref-type="ref"} and firm binding to streptavidin. The hetero‐bifunctionality of bbtrisNTA‐Ni^2+^ was confirmed by utilizing SLB‐containing BACE molecules with the His~6~‐tag protruding towards the bulk. Upon addition of the conjugate, significant binding of streptA‐FITC was observed, but protein binding was negligible in the absence of the conjugate (Figure S3).

Flow‐induced movement and capture of mobile BACE at the NTA‐modified stripe, as verified by binding of Rho‐PI (Figure [4](#open201600070-fig-0004){ref-type="fig"} B), resulted in a three‐fold increase in protein accumulation (Figure [4](#open201600070-fig-0004){ref-type="fig"} C), demonstrating specific, affinity‐based capture of a transmembrane protein embedded in a continuous (extending centimeters) lipid membrane. The absence of bbtrisNTA‐Ni^2+^ resulted in a homogenous distribution of BACE close to the baseline coverage level, confirming specific capturing by using the conjugate (Figure [4](#open201600070-fig-0004){ref-type="fig"} C). To verify that the observed intensity stripe was not caused by unspecific binding of Rho‐PI to exposed SiO~2~ or to the bbtrisNTA‐Ni^2+^‐modified stripe (e.g. because of a non‐continuous SLB), Rho‐PI was added prior to initiating the SLB motion, demonstrating binding exclusively to the BACE‐containing SLB (Figures [4](#open201600070-fig-0004){ref-type="fig"} C and S6).

Corresponding experiments with PLL‐*g*‐PEG‐mono‐NTA‐Ni^2+^ at the capturing area displayed a similar local increase in BACE coverage (Figures [4](#open201600070-fig-0004){ref-type="fig"} D and S5). However, a measurable BACE accumulation was observed also in the absence of NTA‐Ni^2+^, suggesting unspecific attractive interactions between BACE and PLL‐*g*‐PEG. Taking this nonspecific binding into account, specific BACE accumulation was approximately 30 % of the accumulation to bbtrisNTA‐Ni^2+^ (Figure [4](#open201600070-fig-0004){ref-type="fig"} D and S5), which likely reflects the weaker interaction of the mono‐NTA compared to the better performing bbtrisNTA‐Ni^2+^.

The microfluidic setup, in combination with time‐lapse imaging, enable time‐resolved monitoring of ligand (Rho‐PI) binding. Figure [4](#open201600070-fig-0004){ref-type="fig"} E illustrates such a kinetic trace, which can readily be fitted to a Langmuir binding model (black fit). Importantly, accumulation of BACE at the NTA‐Ni^2+^ stripe (green square, Figure [4](#open201600070-fig-0004){ref-type="fig"} B ii) clearly enhances the signal‐to‐noise ratio, as compared to the reference SLB (blue square, Figure [4](#open201600070-fig-0004){ref-type="fig"} B i), demonstrating the value of surface enrichment of protein in ligand--receptor interaction studies.

To conclude, these proof‐of‐concept results show that transmembrane, full‐length proteins can be laterally manipulated, locally accumulated, and specifically captured in a stationary band while residing in a lipid membrane environment. The relatively modest accumulation may be significantly improved by, for example, covalent surface attachment of streptavidin, resulting in an increased surface density of NTA capture moieties. By using a fluorescently labeled substrate analogue inhibitor (Rho‐PI), we demonstrated that BACE was able to bind substrate‐like molecules in its active site after capture, which suggests that the enzyme retained both its structure and function. The advent of two‐dimensional membrane protein affinity capturing in a lipid‐bilayer environment may potentially be expanded from local capturing and enrichment of a single type of membrane protein to isolation of specific membrane proteins in a complex matrix, once the concept is extended to supported membranes derived directly from live cells. Parallel activities to address the challenge of converting cell‐membrane material into a continuous SLBs are indeed ongoing.[31](#open201600070-bib-0031){ref-type="ref"} If such efforts are successfully combined with the concept presented herein, we believe that the approach may provide several new exciting opportunities for membrane protein analysis, such as identification of unknown membrane protein--protein or lipid--protein interactions as well as drug screening of membrane‐embedded receptors including kinetic profiling facilitated by the microfluidic setup.
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